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(54) Drug-releasing coatings for medical devices 

(57) The invention is directed to medical devices 
having a drug-releasing coating and methods for mak- 
ing such coated devices. The coating permits timed or 
prolonged pharmacological activity on the surface of 
medical devices through a reservoir concept. Specifi- 
cally, the coating comprises at least two layers: an outer 
layer containing at least one drug-ionic surfactant com- 
plex overlying a reservoir layer containing a polymer 
and the drug which is substantially free of an ionic sur- 
factant. Upon exposure to body tissue of a medical 
device covered with such coating* the ionicaJly bound 
drug in the outer layer is released into body fluid or tis- 
sue. Following release of such bound drug, the ionic 
surfactant binding sites in the outer layer are left vacant 
To maintain the pharmacological activity after delivery 

so a. FIG. 1 
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of the ionically bound drug, additional amounts of the 
drug are embedded or incorporated in the reservoir 
layer in a manner which allows the drug, which is sub- 
stantially free of ionic surfactants, to complex with the 
vacant binding sites of the ionic surfactant of the outer 
layer. As a result, the surface of the medical device is 
enriched with the drug to provide sustained pharmaco- 
logical activity to prevent the adverse reaction due to the 
presence of the medical device. The invention is further 
directed to medical devices with stabilized drug-releas- 
ing coatings. The coatings are stabilized by exposure to 
a low energy, relatively non-penetrating energy source, 
e.g., gas plasma or an electron beam energy source. 
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Hxposuretoamedicalde^^^^ 
to exhibit adverse physiological '^ons^For ,nstance, ° > afion ^ urinary catheters can cause ,r*K- 

ead to the formation of emboli or clots in ^J™** *. ™ ^ dev ices include cell proliferation which can 
ons particularly in the urinary tract Other f2l2S2^5*n °« oraanS ' and ^^l" rf 
ead to hyperplasia, occlusion of blood vessels and antibiotics, have been adm-n.stered 

To reduce such adverse effects, P har ™ ce ^ S ^*^ e S) through implantation or insertion of the mated 
in or on medical devices. A ^*?^£E££ Te sistr*e FoTexamp.e. U.S. Patent No. 4,613 665 
device involve covalent.ybondir* t^ 

to Larm describes the coupling of ^""^/^"'^X^sclose the use of a similar approach to end-bund 
Also U S Patent Nos. 5,1 12,457 and 5,455,040 to MafcWiM polymerized N-vinyl- 

hepro'modHiedsubstrates.Thes^ 

However the covalent bonding approaches are limited uniy m sjte . Furthermore, the drug 

pJS* activity, resulting '"^^ 

loading of the medical device is limited by its surface area arcex w g ^ containing them. 

,Md p h Q armaceu«ica.s have also ^^S^^SSSS. These approaches generally comprise 
A number of these coatings invotve the * ua 0 ™ ante on the suriace s of medical devices, 

the deposition of water-insoluble ^^^^^rrmonmw chloride (TDMAC) or benzaltomum «» 
Illustrative of such approaches ,s the use ofrtBjWJJ complexed , 0 negatively charged molecules of phar- 
ride oositively charged or cationic surfactants wruch are ""«^angM»a^^y antjbioticS- ^ tomet 

nSeSs Typicaf examples include ^^^^^T^^ contacting device, Tne TDMA- 
complex has been widely used as coatmgs on capers shunte ■ po^etoane. silicone, polypropylene. 

with glutaraldehyde or other bifunctonal rea 9 en *.^^* a * ran strengthen the complex of TDMA-hepann to PVC 
rate or over a desired period of time into body fluid «h<e nwnM rang g P incorporated drugs. 
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the pharmaceutical or sufficient pharmaceutical activity at or near the coated surfaces of the devices. 

Also, it is an object of the invention to provide medical devices with stabilized ionically complexed drug coatings and 
methods for making such devices. 

Additionally, it is an object of the invention to provide a drug-releasing coating which adequately adheres to a med- 
5 ical device to allow the timed or prolonged application of the drug to body tissue. 

It is a further object of the invention to provide methods for making a drug-releasing medical device which permit 
timed-delivery or long-term delivery of the drug. 

SUMMARY OF THE INVENTION 

10 

These and other objects are accomplished by the present invention. To achieve these objectives, we have devel- 
oped a coating which permits timed or prolonged pharmacological activity on the surface of medical devices through a 
reservoir concept. Specifically, the coating comprises at least two layers: an outer layer containing at least one drug- 
ionic surfactant complex overlying a reservoir layer or tie layer containing a polymer and the drug which is substantially 

75 free of an ionic surfactant. Upon exposure to body tissue of a medical device covered with such coating, the ionically 
complexed drug in the outer layer is released into body fluid or tissue. Following release of such complexed drug, the 
ionic surfactant complex sites in the outer layer are left vacant. To maintain the pharmacological activity after delivery 
of the ionically complexed drug, additional amounts of the drug are embedded or incorporated in the reservoir layer in 
a manner which allows the drug, which is substantially free of ionic surfactants, to form a complex with the vacant com- 

20 plex sites of the ionic surfactant of the outer layer As a result, the surface of the medical device is enriched with the drug 
to provide sustained pharmacological activity to prevent the adverse reaction due to the presence of the medical device. 
In use, some of the drug which is embedded or incorporated in the reservoir layer can complex to vacant complex sites 
in the outer layer, while some of the drug, which is embedded or incorporated in the reservoir layer can freely elute into 
the body fluid. 

25 To further achieve the objectives, we have also devised a method to stabilize drug-releasing coatings comprising 
ionically-complexed drugs. By exposing the coated device to a low energy, relatively non-penetrating energy source 
such as gas plasma, electron beam energy, or corona discharge, the coating is stabilized to permit timed or long-term 
delivery of the drug. Preferably, the coated device is first exposed to heat to secure the drug coating prior to exposure 
to the energy source. Moreover, application of this method of stabilization is not limited to the reservoir layer coating 

30 described above. It can be used with other coatings such as one comprising a first layer containing a polymer which is 
overlaid with a second layer containing a polymer and a drug-ionic surfactant complex 

The coatings of the invention can be used for a variety of medical devices such as catheters, shunts, stents, {e.g. 
self expandable or balloon expandable vascular or non-vascular stents) heart valves, grafts, and artificial organs or 
prostheses. The coatings may be used with polymeric, metallic or ceramic surfaces. 

35 The polymers suitable for use in the invention, such as in forming the reservoir layer, should be ones that are bio- 
compatible and avoid irritation of body tissue. Preferably for medical devices which undergo mechanical challenges, 
elastomeric polymers such as silicones, polyurethanes, thermoplastic elastomers, ethylene vinyl acetate copolymers, 
polyolefin elastomers, and EPDM rubbers may be used. For medical devices which do not undergo mechanical chal- 
lenge, bioabsorbable polymers may be used. Such bioabsorbable polymers included polylactic acid, polyglycolic acid, 

40 polycaproJactone. polylactic acid-polyethylene oxide copolymers, cellulose and the like. 

The biologically active material suitable for the invention can be in a particulate form. Average particle size can be 
1 to 100 microns. The biologically active materials useful for the invention include glucocorticoids, heparin, hirudin, 
angiopeptin. aspirin, growth factors, oligonucleotides, antiplatelet agents, anti-coagulant agents, antimitotic agents, 
antioxidants, antimetabolite agents, anti-inflammatory agents, anti-hypertensives, and antibiotics such as penicillin. The 

45 reservoir layer can contain 0.1 to 90 weight % of the biologically active material, preferably 10-45 weight %, and can 
have a thickness ranging from about 5 to about 1000 microns. Preferably, the reservoir layer ranges from about 15 to 
about 50 or 200 microns thick. 

* For the outer layer, suitable ionic surfactants comprise tridodecylammonium chloride, or benzalkonium chloride. 
The outer layer can have a thickness ranging from about 0.1 to about 10 microns; preferably, the outer layer is about 1 

so to about 5 microns thick. 

In accordance with the present invention, negatively charged drugs contact positively charged surfactants to form 
a complex. Once the complex is formed, the solubility of the drug in body fluid is significantly reduced. Thus, the release 
rate of the drug in the body fluid is decreased. Similarly, positively charged drugs can form complexes with negatively 
charged surfactants to achieve similar results. 

55 The complexes formed according to the present invention will result primarily from ionic interactions between neg- 
atively charged drugs and positively charged surfactants or positively charged drugs and negatively charged sur- 
factants. However, certain secondary forces may also exist to contribute to the formation or maintenance of the 
complexes, such as hydrogen bonding, dipole-dipole interaction, charge-dipole interaction, and the complexes of the 
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initial outer layer may be identical or similar to the complexes subsequently formed by the biologically activ^rr^terial of 

bioloaicallv active material of the reservoir and the surfactant. 

^prepare the reservoir coatings of the present invention, the reservoir .ayer is first formed on the med.ca. Ml 
TtaSSS by dissolving or suspending it in a polymer and solvent composfcon. A cam*** I agent can 
be SEd to the solution or suspension. The reservoir layer composition .s then applied to a surface of the 
SKceWmShSssuch as. but not limited to. spraying or dipping. The reservoir layer can Nb^pMj 
medical f™« * ■ drug-ionic surfactant complex in a solvent or a mocture of sol- 

i*l3S3SS33E3S55g 

SiS 51 dS L "en a g rbe hfat treated a^/or exposed to the energy source. The outer layer of the dev.ce 
SiZSS^ treated but should be exposed to the energy source in any event or for stab.hzation. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIGURE 1 is a plot showing the release rate of heparin for stents with the coatings made according to Example 1. 
DESCRIPTION OF THE PREFERRED EMBODIMENTS 

The medical devices suitable for the present invention include but are not limited to catheters W**** vascular 
access wS ttooc^orage bags, vascular stents, blood tubing, central venous catheters, arter.a catheters , vascuter 
S in^aaorfctolSon pumps heart valves, cardiovascular sutures, total artificial heart and ventncular ass.st pump. 
extCre^evfcSh^ Wood oxygenators, blood filters, hemodialysis units, hemoperfusion un.ts. plasmaphe, 

"TeS^^ 

tSIb. SenS stownln^ S. Patent No 4.733.665 issued to Palmaz. US. Patent No 4.800,882 .ssued to G,an- 
ZTrt l tTaZ No 4.886.062 issued to Wiktor. Similar.* urinary implants such as drainage catheters are a.so 

vmeS materiafs inLe without limitation polyurethane and its copolymers. siHcone and its copo W ™* 
^^SSSfic elastomers, polyvinyl chloride, po.yolef.ns. cellulosics. polyamides. polyesters. P°^>*n«P£ 
ySSSSe .polycarbonates, aaylonitrile butadiene styrene copolymers, acryl.cs. P*Mb«* polyglycohc 
S ^ oolycaprolactone polylactic acid-polyethylene oxide copolymers, cellulose, collagens. and chrt.ns. 
aCri M P e«ECeH°a.sinSe metals and aHoys based on timnium (such as « 

ory alloy materials), stainless steel, tantalum, nickel-chrome, or cobalt- *'°™» m =! E '9 °* 3 i 
Metallic materials also include dad composite filaments, such as those disclosed .n WO 94/16646. Examples of 

a«y a crossing agent may be included. The following is a more detailed description of su.table mater,a.s or agents 
^me^ 

: ^;t i points that can be Wended with therapeutic agents. Suitable polymer > include 
ST polyiscJylene. ethylene-alphadefin copolymers, acrylic polymers and copolymers v,nyl haWe polymers 
^SolvmS suchas polyvinyl chloride, polyvinyl ethers such as polyvinyl methyl ether, polyv.nyl.dene hahdes such 
SKlSS^e «Xor!de. polyacrylonitrile. polyvinyl ketones, polyvinyl a;omati«such as 
SSSS^SXS esters such as polyvinyl acetate; copolymers of vinyl monomers. copolymers of ^ 
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lulose butyrate. cellulose acetate butyrate, cellophane, cellulose nitrate, cellulose propionate, cellulose ethers, 
carboxymethyl cellulose, collagens, chitins, polylactic acid, polyglycolic acid^and polylactic acid-polyethylene oxide 
copolymers. 

More preferably for medical devices which undergo mechanical challenges, e.g. expansion and contraction, the 
5 polymers are selected from elastomeric polymers such as silicones (e.g. polysiloxanes and substituted polysiloxanes), 
polyurethanes, thermoplastic elastomers, ethylene vinyl acetate copolymers, polyolef in elastomers, and EPDM rub- 
bers. Because of the elastic nature of these polymers, the coating better adheres to the surface of the medical device 
when the device is subjected to forces or stress. 

Furthermore, although the invention can be practiced by using a single type of polymer to form the reservoir layer, 
w various combinations of polymers can be employed. The appropriate mixture of polymers can be coordinated with bio 
logtcaily active materials of interest to produce desired effects when coated on a medical device in accordance with the 
invention. 

The drugs or biologically active materials which can be used in the invention can be any therapeutic substances 
such as those which reduce or prevent adverse physiological reactions from exposing body tissue to the medical 
75 device. The drugs incorporated into the reservoir layer should be substantially free of ionic surfactants. The drugs can 
be of various physical states, e.g., molecular distribution, crystal forms or cluster forms. A combination of suitable phar- 
maceuticals can be incorporated into the reservoir layer. 

Suitable therapeutic substances include glucocorticoids (e.g. dexamethasone, betamethasone), heparin, hirudin, 
angiopeptin, aspirin, growth factors, oligonucleotides, and. more generally, antiplatelet agents, anti-coagulant agents. 
20 antimitotic agents, antioxidants, antimetabolite agents, and anti-inflammatory agents could be used. Antiplatelet agents 
can include drugs such as aspirin and dipyridamole. Aspirin is classified as an analgesic, antipyretic, anti-inflammatory 
and antiplatelet drug. Dipyridamole is a drug similar to aspirin in that it has anti-platelet characteristics. Dipyridamole is 
also classified as a coronary vasodilator. Anticoagulant agents can include drugs such as heparin, protamine, hirudin 
and tick anticoagulant protein. Antimitotic agents and antimetabolite agents can include drugs such as methotrexate, 
25 azathioprine, vincristine, vinblastine, 5-fluorouracil, adriamycin and mutamycin. Antibiotic agents can include penicillin, 
cefoxitin, oxacillin, tobramycin, and gentamycin. 

The biologically active agents can be incorporated by dissolving or suspending them in the polymer and solvent of 
the reservoir layer composition. If the drugs are suspended in the solution, they should be dispersed as fine particles 
ranging from MOO microns in average particle size. Alternatively, if a polymer having a relatively low melting point is 
30 used, the polymer and biologically active agent can be blended in the molten stage (such as by casting or coextrusion) 
if the biologically active agent does not degrade at the molten temperature. The ratio of reservoir layer thickness to aver- 
age particle diameter is preferably greater than about 3, and more preferably greater than about 5. 

The concentration or loading of the biologically active material in the reservoir layer may be varied according to the 
therapeutic effects desired. Also, the loading, in terms of the ratio of pharmaceutical to polymer in the reservoir layer, 
35 will depend upon the efficacy of the polymer in securing the pharmaceutical onto the medical device and the rate at 
which the coating is to release the pharmaceutical to the body tissue. Generally, the reservoir layer may contain 0.1- 
90% by weight or preferably 10-45% by weight of the biologically active material. Most preferably, 25-40% by weight of 
the drug should be incorporated in the reservoir layer. 

The reservoir layer will generally be prepared to be substantially free of any ionic surfactant. However, small 
40 amounts may become present, especially at an interface between an outer layer and a reservoir layer. For instance, 
small amounts of ionic surfactant may become present as a result of penetration during an outer layer spraying process 
or due to migration from the outer layer during shelf storage. The reservoir layer, apart from the interface with the outer 
layer, will preferably have less than 0.5 weight percent complex, more preferably less than 0.4 weight percent complex. 
Solvents suitable for forming the reservoir layer composition are ones which can dissolve the polymer into solution 
45 and do not alter or adversely impact the therapeutic properties of the biologically active material employed. Examples 
of useful solvents for silicone include tetrahydrofuran (THF), chloroform and dichloromethane. 

To enhance the stability of the reservoir layer and the timed or long-term release of the pharmaceuticals, crosslink- 
's may be incorporated into the reservoir layer. For instance, hydridosilane may be used as a crosslinking agent for 
silicone. 

so The reservoir layer composition is generally prepared by adding micronized drug particles into a selected amount 
of polymer. Solvent and optional crosslinking agent are then added to this mixture which is then stirred until it is homo- 
geneous. Depending on the nature of the biologically active material and the solvent and polymers used, the mixture 
need not be a solution. The drug particles need not be dissolved into the mixture but may be suspended therein. 
The mixture is then applied to a surface of the medical device. The reservoir layer composition may be applied by 

55 dipping the medical device into the composition or by spraying the composition onto the device. The thickness of the 
reservoir layer formed may range from about 5 microns to about 100 microns and preferably from about 15 microns to 
about 50 microns. 

Since different coating thicknesses can be readily achieved by adjusting the number of spray cycles, spray coating 
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gases such as nitrogen, helium or hydrogen. Preferably the coated device is first heat cured at 40°C to 150°C prior to 
the exposure to the energy source for 30 seconds to 30 minutes. Relatively penetrating energy sources such as gamma 
radiation should be avoided. 

Also, such treatment can be applied to the device prior to completing the application of the entire coating. For exam- 

5 pie, after the device is coated with a layer of the coating it can be heated and exposed to the low energy, relatively non- 
penetrating energy source. The treatment can be repeated after other layers have been applied. In addition this method 
of stabilization can be applied to coatings other than the reservoir coating described above. Specifically, the method is 
applicable to a coating having a first layer comprising a polymer and a second layer comprising a polymer and an ioni- 
cally complexed drug. The method is also applicable to a single coating which contains an ionically complexed drug. 

10 The polymers and drug complexes described above are suitable for preparing such a coating. 

In one suitable method, the medical devices are placed in a chamber of a plasma surface treatment system such 
as a Plasma Science 350 (Himont/Plasma Science, Foster City. CA). The system is equipped with a reactor chamber 
and RF solid-state generator operating at 13.56 mHz and from 0-500 watts power output and being equipped with a 
microprocessor controlled system and a complete vacuum pump package. The reaction chamber contains an unim- 

is peded work volume of 1 6.75 inches (42.55 cm) by 1 3.5 inches (34.3 cm) by 1 7.5 inches (44.45 cm) in depth. 

In the plasma process, coated medical devices are placed in a reactor chamber and the system is purged with 
nitrogen and a vacuum applied to 20-50 mTorr. Thereafter, inert gas (argon, helium or mixture of them) is admitted to 
the reaction chamber for the plasma treatment. A highly preferred method of operation consists of using argon gas. 
operating at a power range from 200 to 400 watts, a flow rate of 150-650 standard ml per minute, which is equivalent to 

20 1 00-450 mTorr, and an exposure time from about 30 seconds to about 5 minutes. The devices can be removed imme- 
diately after the plasma treatment or remain in the argon atmosphere for an additional period of time, typically five min- 
utes. 

Following stabilization, the ionic surfactant drug complex of the outer layer will generally be molecularly distributed 
or in particle form. 

25 Moreover, after the medical devices are coated, they should be sterilized. Methods of sterilization are known in the 
art. For example, the devices can be sterilized by exposure to gamma radiation at 2.5-3.5 Mrad or by exposure to eth- 
ylene oxide. For sterilization, exposure to gamma radiation is a preferred method, particularly for heparin containing 
coatings. However, for certain medical devices which undergo mechanical challenges, such as expandable vascular 
stents, it has been found that subjecting such coated devices to gamma radiation sterilization may reduce their ability 

30 to expand. To avoid such reduction, the gas plasma treatment described above should be applied to the coated devices 
as a pretreatment for gamma sterilization. 

EXAMPLE 1 

35 Preparation of the Reservoir Layer 

A reservoir layer composition of heparin, silicone, and THF was prepared by the following method. An amount of a 
silicone-xylene mixture (-35% solid weight from Applied Silicone Corporation) was weighed. The solid silicone content 
was determined according to the vendor's analysis. Precalculated and weighed amounts of finely micronized heparin 

ao (2-6 microns) were added into the silicone to make a final coating of 37.5% by weight heparin. Then tetrahydrofuran 
(THF) HPLC grade (from Aldrich or EM Science) was added to the silicone and heparin in the amount of V THF = 
25W sincone 80jid . Finally, a silane was added as a crosslinking agent. The solution was stirred with a stirring rod or mag- 
net until the suspension was homogeneous. 

Three Wallstent® self-expanding vascular stents were then spraycoated with the suspension. By adjusting the 

45 number of spray cycles, different coating thicknesses were placed upon the stents as shown in Table 1a. The coating 
thicknesses were measured using optical microscopy. After allowing the stents to rest at room temperature for about 30 
^minutes, the coated stents were moved to a convection oven and heated at 90°C for 16 hours. Argon gas plasma treat- 
ment was applied to further cure the coating after the heat cure cycle. Each coated stent was thus cut in naif to provide 
a total of six stent segments. 

50 

Preparation of the Outer Layer 

lOmg/ml of TDMA-heparirvTHF solution was prepared by dissolving a weighed amount of the TDMA-heparin pow- 
der into a beaker and adding THF solvent. The powder fully dissolved in the solvent in about 1 5 minutes. The outer layer 
55 composition was spray coated onto three of the stent segments, namely ND 815-1 . 5. & 9 at. to produce outer layers of 
approximately 2 pm thick. The coated stents were air-dried. The remaining three stent segments, namely ND 815 - 1, 
5, & 9 a. were not covered with an outer layer, and served as comparative examples. 
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Release Profile Based Upon Azure A Assay 

Toddfe-tnt™,...^*^^^ 
«M stent «• "O I*'" 1 "° ,o r h *£2S££, Tl ^j£££*n » a*™*. M etnounl of 

ol Azure A dye solution ot concentration 100 pig/ml (front A** ™™£>™ ™ ffisortanee of the eMoeone «es 
Mt reed .1 505 nm oeino e *f*'*^3S,MI noM in M inaement of 0.6 vM 

compiled to generate the release profile of F.gure 1 . 
Results of Toluldine Blue Assay 

pMm*. Abodl 1 .5 cm dl the etente »e.e owed ^^^Mlm 9««y end left »nde< room dondiUons 
the absorbance of the solution at 640 nm in j nled in Table 1a. They show that the estimated 
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35 EXAMPLE 2 A silicone-xylene mixture (35% solid 
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composition, 3) heat cured at 90°C for 16 hours, and 4) exposed to argon gas plasma treatment 
Q: 1) spraycoated with a 37.5% heparin reservoir composition, 2) heat cured at 90°C for 16 hours, 3) dip-coated 
with TDMA-heparin outer layer composition, and 4) exposed to argon gas plasma treatment. 

5 The three assays described in Example 1 were performed for the stents. The results which are presented in Tables 
2a and 2b show that the order of curing and means of applying the outer layer to the stent did not have significant effect 
on the activity or concentration of the heparin at the surface of the stent. However it should be noted that the stents of 
. coating series B, in which the outer layer was exposed to heat curing showed improved surface morphology. 

w 

Table 2a 



Sample 


A1-1 


A2-1 


B1-2 


B2-2 


C1-2 


C2-2 


Coatings Series 


A 


A 


B 


B 


C 


C 


dye uptaking @ day 4 (absorbance/cm 2 ) 


1.18 


1.46 


1.84 


1.7 


1.22 


1.39 


dye uptaking @ day 7 (absorbance/cm 2 ) 


0.66 


0.42 


0.82 


1.28 


0.93 


0.63 


FXa (mil/cm 2 ) @ day 11 i 


25.9 


36.2 


30 


32.8 


35.2 


49.6 


coating thickness (urn) 


5 


23 
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11 


5 


16 
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Release Rate (jig/cm*/hr) 


Time, days 


A1-1 


A2-1 


B1-2 


B2-2 


C1-2 


C2-2 


0.06 


163.76 


159.97 


172.11 


239.19 


162.65 


188.24 


0.95 


1.38 


10.13 


0.69 


3.16 


1.84 


. 8.14 


1.78 


0.56 


3.35 


0.20 


1.15 


0.47 


1.67 


2.76 


0.24 


0.95 


0.11 


0.64 


0.18 


0.67 


3.84 


0.45 


2.27 


0.27 


1.29 


0.42 


1.61 


4.72 


0.93 


2.47 


1.38 


1.45 


0.38 


1.75 


5.95 


0.13 


1.08 


0.25 


0.69 


0.09 


0.57 


6.81 


0.31 


0.00 


0.34 


0.80 


0.43 


0.54 



EXAMPLE 3 

Wallstent® endoprostheses were spraycoated with the reservoir composition of Example 2 to achieve the coating 
45 thicknesses shown in Table 3a. An outer layer composition was prepared by weighing TDMA-heparin powder, placing 
it in a beaker, and adding THF to make the solution containing 1 0 mg/ml of TDMA-heparin in THF. The powder fully dis- 
solved in the solvent in about 1 5 minutes. Four of the six sample stents were spraycoated with the TDMA-heparin solu- 
tion to form outer layers of about 2 microns in thickness. All the samples were subjected to the toluidine blue assay and 
Azure A assay described above. Tables 3a and 3b detail the experimental results. 
so As shown in Table 3a, stents coated according to the invention (e.g. Sample TD1) exhibited greater heparin surface 
concentrations than stents having equal or thicker coatings comprised only of a reservoir layer (e.g. sample TD5). 
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Table 3b 



Release Data (jig/cm^/hr) 


Time (days) 


TD1 


TD2 


TD3 


TIM 


TD5 


TD6 


0.08 


630,94 


672.89 


368.70 


342.80 


162.94 


146.52 


1.73 


5.01 


5.33 


4.30 


3.61 


6.87 


3.52 


4.73 


2.53 


2.90 


1.87 


1.83 


2.60 


3.19 


7.02 


3.20 


3.26 


3.14 


2.87 


4.02 


3.61 


8.90 


0.50 


0.62 


0.08 


0.00 


0.98 


0.78 



EXAMPLE 4 

Coated stents were prepared according to the method used to make the series B stents of Example 2 except that 
certain of the samples were not coated with an outer layer as indicated in Table 4a. Similar coating thicknesses of the 
20 reservoir layer and outer layer were maintained for the samples. These coated stents were sterilized by either gamma 
radiation or ethylene oxide. The samples were then subjected to toluidine blue assay and Azure A assay. Tables 4a and 
4b detail the experimental results. These results show that sterilization of the coated stent, either by gamma radiation 
or ethylene oxide, does not adversely affect the heparin surface concentration in a significant manner. 



Table 4a 





Samples 


#2 


#3 


#15 


#19 


#16 




Sterilization 


Gamma Radia- 


Ethylene Oxide 


None 


Gamma Radia- 


Ethylene Oxide 


30 


Method 


tion 






tion 






Coating Compo- 
sition 


Reservoir Layer 
Only 


Reservoir Layer 
Only 


Reservoir Layer 
with Outer Layer 


Reservoir Layer 
with Outer Layer 


Reservoir Layer 
with Outer Layer 




Toluidine test @ 


2.220 


2.100 


2.600 


2.800 


2.480 


35 


day 3 (absorb- 
ance/cm 2 ) 














Toluidine test @ 


1.290 


1.050 


1.840 


1.980 


1.570 




day 6 (absorb- 
ance/cm 2 ) 












40 


Toluidine test @ 
day 10 (absorb- 
ance/cm 2 ) 


1.880 


1.670 


2.100 


1.970 


1.920 



Table 4b 



50 



55 



Release Data (^g/cm^/hr) 


Time (days) 


#2 


#3 


#15 


#19 


#16 


0.08 


138.30 


215.88 


283.40 


212.25 


232.46 


1.01 


4.28 


11.55 


6.80 


5.59 


9.53 


1.99 


1.99 


3.02 


2.29 


1.66 


3.16 


3.06 


1.96 


1.78 


1.78 


1.71 


1.99 


3.93 


1.61 


1.41 


1.40 


1.12 


1.46 
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Table 4b (continued) 




EXAMPLE 5 



Formation of Stabilized Coatings Corporation) 
TO cow-*"- « ™ ™ «»J ,„ Ml M **> ^^Srt«*ol««* 



tor results). 

40 



45 



50 
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TABLE 5b 



Release Rates (jig/cm 2 /hr) Measured by Azure 
A Assay 


Time (days) 


S1 


S2 


S3 


S4 


0.08 


2.720 


3.902 


2.912 


4.831 


0.92 


0.190 


0.313 


0.273 


0.336 


2.17 


0.105 


0.042 


0.053 


0.087 


3.08 


0.060 


0.000 


0.000 


0.019 


4.00 


0.164 


0.032 


0.031 


0.048 


4.98 


0.000 


0.000 


0.000 


0.000 



EXAMPLE 6 

20 Formation of Stabilized Coatings 

The first layer of the coating was prepared and applied as in Example 5. In experiment series A, the coated stents 
were heat cured at 90°C for 16 hours. In experiment series B, no heat treatment was applied. 

A 10 mg/mL TDMA-heparin/THF top layer solution was prepared by dissolving the TDMA-heparin in the THF. The 
25 stents were sprayed coated with top layer solution and then air dried. The amount of TDMA-heparin applied to each 
sample stent is provided in Table 6a. The coated stents of series B were then heat treated in a convection oven at 90°C 
for 1 6 hours. Both series of stents were treated with argon plasma. 

In summary, the two coating series were prepared as follows: . 

30 A: 1) spraycoated with silicone first layer solution, 2) heat cured, 3) spraycoated with TDMA-heparin top layer com- 
position, and 4) argon plasma treated. 
B: 1 ) spraycoated with silicone first layer solution, 2) spraycoated with TDMA-heparin top layer composition, 3) heat 
cured and 4) argon plasma treated. 

35 Release Experiments 

Four 2 cm pieces of coated stents from each sample of each series were placed into 100 mL of phosphate buffer 
solution (PBS) having a pH of 7.4. Another 4 pieces from each series were placed into 100 mL of polyethylene glycol 
(PEG)/water solution (40/60 v/v, MW of PEG=400). Trie stent pieces were incubated at 37°C in a shaker. The buffer and 
40 PEG solution were changed daily and azure A assays were performed on the solution to determine the released 
heparin concentrations. The results are present in Table 6b. 

On the third, sixth and eleventh days, a piece from each sample was used for toluidine blue dye uptaking assay 
(See Table 5a for results). FXa assay was performed on the last piece of each sample to determine the heparin activity. 
It was found that the heparin activity was too high to be quantified by a FXa assay. 
45 Release of heparin in plasma was also studied. 1 cm pieces of a coated stent from series B was put into 1 mL of 
citrated human plasma (from Helena Labs.), which was in lyophilized form and was reconstituted by adding 1 mL of 
4 sterile deionized water. Three sets of stent plasma solutions were incubated at 37°C and the plasma was changed daily, 
'in a separate study, it was found that citrated human plasma was stable at 37°C for 24 hours (activated partial throm- 
boplastin time test). Toluidine blue assay was performed for the stent incubated in the plasma for one day and for seven 
so days. The one day dye uptaking showed no loss of activity; the dye uptaking at 7 days showed a 40% loss of activity. 
Also, FXa assay was performed on day 7. The antithrombin activity was higher than the quantification limit 
(>64mU/cm 2 ). 
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20 



25 



30 




The coating weight of the top ^ «f were heat cured at 90°C tor 1 6 hours. 

^estentsasaescri^beiow.Thestentswere ^ ^ ^ 



45 



50 



1 1 spraycoated with silicone solution. 2) heat cured, 3) spraycoa 
1 spraycoated with s.l«cone solutoon, 2) spraycoa 
±&l' 1 ) spraycodiw . MM nelori in Table 7 show that the com- 



IEl: 

IB: 
IE2- 

TE4 
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TABLE 7 



Sample 


TE1 


TE2 


TE3 


TE4 


Coating Process 


Si/heat/TDMA- 
hep/plasma 


Si/heat/TDMA-hep 


Si/TDMA- 
hep/h eat/plasma 


Si/TDMA-hep/heat 


Toluidine Blue Dye 
Uptaking <§> Day 2.02 
(absorbance/cm 2 ) 


0.881 


0.844 


1.287 


1.095 


Toluidine Blue Dye 
Uptaking <§> Day 6.05 
(absorbance/cm 2 ) 


0.985 


0.705 


1.336 


1.055 


Toluidine Blue Dye 
Uptaking @ Day 8.6 
(absorbance/cm 2 ) 


0.715 


0.691 


1.310 


1.009 



20 EXAMPLE 8 

To further compare the binding efficacy of coatings exposed to both heat and plasma treatment and that of coatings 
which are only heat treated, the following samples were prepared. The thicknesses of both the silicone layer and top 
layer were kept constant at 3 mg/cm 2 and 0.5 mg/cm 2 , respectively. 

25 

ND-1 : 

1) spraycoated with silicone solution, 

2) heat cured at 150°C for 45 minutes, 

30 3) spraycoated with TDMA-heparin top layer solution, and 

4) heat cured at 90°C for 1 6 hours. 

ND-1P : same as ND-1 but further treated with argon plasma. 
ND-2 : 

35 

1) spraycoated with silicone solution, 

2) spraycoated with TDMA-heparin top layer solution, and 

3) heat cured at 90°C for 16 hours. 

40 ND-2P : same as ND-2 but further treated with argon plasma. 
ND-3 : 

1) spraycoated with silicone solution, 

2) heat cured at 150°C for 60 minutes, and 

45 3) spraycoated with TDMA-heparin top layer solution. 

» ND-3P : same as ND-3 but further treated with argon plasma. 

The release study was performed in citrate bovine plasma (CBP). The stents were cut into 1.5 cm pieces and 
so placed into a sterilized plastic vial containing 4 ml of CBP at 37°C. The plasma was changed daily. From the third day, 
1 ml of CBP was used instead. Toluidine blue assay and FXa assay were performed after 7 days of eluting. The results 
presented in Table 8 confirm the finding of Example 7, that plasma treatment enhances the binding of the TDMA- 
heparin to the stents. 
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TABLE 8 



10 



15 



20 



25 



45 



50 



55 



Sample 


ND-1 


ND-1P 


ND-2 


ND-2P 


ND-3 


ND-3P 


Argon Plasma Treatment 


NO 


YES 


NO 


YES 


NO 


YES 


Toluidine Blue Dye Uptaking (absorbance/cm 2 ) 


0.683 


0.577 


0.743 


0.805 


0.696 


0.854 


FXA activity (mill/cm*) 


0 


1.4 


2.7 


9.0 


0 


5.0 



The description contained herein is for purposes of illustration and not for purposes of lim.tet.on. Changes and 
modifications may be made to the embodiments of the description and still be within the scope of the .mentor.. further- 
mS , cSZs Tanoes. modifications or variations will occur to those skilled in the art Also, all references crted above 
are incorporated herein, in their entirety, for all purposes related to this disclosure. 

Claims 

1 . A medical device having at least a portion which is insertable or implantable into the body of a patient, whjein the 
portion has a surface which is adapted tor exposure to body tissue of the patient and wherein at least a part of the 
surface is covered with a coating for release of at least one biologically active material, the coating comprising an 
internal reservoir layer and an outer layer in contact with the reservoir layer; 

wherein the outer layer comprises an ionic surfactant complexed to the b.olog.cally active ma tonal, and 
wherein the reservoir layer comprises a polymer incorporating the biologically active material which is sub- 
stantially free of any ionic surfactant such that the biologically active material of the reservoir layer can migrate out- 
wardly from the reservoir layer, and at least some of the biologically active material of the reserve, can complex 
wKh the ionic surfactant in the outer layer as the biologically active material releases from the outer layer. 



2. The device of daim 1 wherein the device is an expandable stent. 
30 3. The device of claim 2 wherein the device is a self-expanding stent. 

4. The device of claim 1 wherein the polymer of the reservoir layer is an elastomeric material. 

5. The device of claim 4 wherein the polymer of the reservoir layer is selected from the group consisting ^licone^ 
as polyurethanes. thermoplastic elastomers, ethylene vinyl acetate copolymers, polyolef.n elastomers, and EPDM 

rubbers. 

6. The device of claim 5 wherein the polymer of the reservoir layer is silicone. 

40 7. The device of claim 1 wherein the biologically active material of the reservoir layer is in a particulate form having 
an average particle size of 1 to 100 microns. 

8. The device of claim 7 wherein the ratio of reservoir layer thickness to average particle diameter is greater than 
about 3. 

9. The device of claim 7 wherein the ratio of reservoir layer thickness to average particle diameter is greater than 
t about 5. 

10. The device of claim 1 wherein the biologically active material is selected from the group >oon*tng id 
cokls. heparin, hirudin, angiopeptin. aspirin, ACE inhibitors, growth factors, oligonucleo des, 
anti-hypertensives, anti-coagulant agents, antimitotic agents, antioxidants, anfmetabolite agents, anti-inflamma- 
tory agents and antibiotics. 

11. The device of claim 10 wherein the biologically active material is heparin. 

12. Thedeviceof daim 1 wherein the reservoir layer comprises about 0.1 to about 90 weight % of the biologically active 
material. 
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13. The device of claim 12 wherein the reservoir layer comprises about 10 to about 45 weight % of the biologically 
active materia!. 

14. The device of claim 1 wherein the reservoir layer is about 5 to about 200 microns thick. 

1 5. The device of claim 1 4 wherein the reservoir layer is about 1 5 to about 50 microns thick. 

16. The device of claim 1 wherein the ionic surfactant of the outer layer is a quaternary ammonium complex. 

17. The device of claim 16 wherein the ionic surfactant comprises a tridodecylammonium ion. 

18. The device of claim 1 wherein the outer layer is about 0.1 to about 10 microns thick. 

19. The device of claim 1 wherein the coating is constructed to maintain biologically active material on the surface of 
the device for long periods of time. 

20. A method of making a medical device having at least a portion for insertion or implantation into the body of a 
patient, wherein the portion has a surface which is adapted for exposure to body tissue of the patient and wherein 
at least a part of the surface is covered with a coating to release at least one biologically active material therefrom, 
the method comprising: 

a) forming a reservoir layer over the surface by applying a reservoir layer composition comprising a polymer 
and a biologically active material and 

b) forming an outer layer over the reservoir layer by applying an outer layer composition comprising an ionic 
surfactant complexed to the biologically active material. 

21. The method of claim 20 wherein the reservoir layer is formulated in a solvent. 

22. The method of claim 21 wherein the method further comprises allowing the solvent of the reservoir layer composi- 
tion to evaporate. 

23. The method of claim 20 wherein formulation of the reservoir layer includes combining the biologically active mate- 
ria! with a molten polymer. 

.t 

24. The method of claim 20 wherein the reservoir layer composition and the outer layer composition are applied by 
spray coating. 

25. The method of claim 20 wherein the polymer of the reservoir layer is an elastomeric material. 

26. The method of claim 25 wherein the polymer of the reservoir layer is selected from the group consisting of silicones, 
polyurethanes, thermoplastic elastomers, ethylene vinyl acetate copolymers, polyolef in elastomers and EPDM rub- 
bers. 

27. The method of claim 20 wherein the biologically active material of the reservoir layer is in a particulate form having 
an average particle size of 1 to 100 microns. 

,28. The device of claim 27 wherein the ratio of reservoir layer thickness to average particle diameter is greater than 
about 3. 

29. The device of claim 27 wherein the ratio of reservoir layer thickness to average particle diameter is greater than 
about 5. 

30. The method of claim 20 wherein the biologically active material is selected from the group consisting of glucocorti- 
coids, heparin, hirudin, angiopeptin, aspirin, growth factors, oligonucleotides, antiplatelet agents, anti -hyperten- 
sives, anti-coagulant agents, antimitotic agents, antioxidants, antimetabolite agents, anti -inflammatory agents and 
antibiotics. 

31 . The method of claim 30 wherein the biologically active material is heparin. 
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, > ohn,it 5 to about 200 microns thick. 

35. The method of claim a t0 , t0 about 10 microns thick 

3,Themetho d o»c l aim 2 0whe f .nthecter.aye fl s oo 

' , the reservoir layer wrth a to. energy, re.atrve.y non-pen- 

. tor manning the biologica.iy actWe matena. on 

*«h of claim 20 wherein the coatmg * constructed 
41 * S^S. «£» - PeriKiS ^ ^ . erton or imp.anta«on into the body of a 

■ =^2. 

^ • an outer layer over the first layer by apply-no an outer laye 
b) forming an outer wye. v 
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factant complexed to the biologically active material, and 

c) exposing the coated surface to a low energy, relatively non-penetrating energy source. 

50. The method of claim 49 wherein the energy source is selected from the group consisting of gas plasma, electron 
5 beam energy and corona discharge. 

51. The method of claim 49, wherein the first layer further comprises a biologically active material. 

52. The method of claim 49 wherein the coated surface is heated at about 40°C to 150°C prior to exposing the coated 
io surface to the low energy, relatively non-penetrating energy source. 

53. The method of claim 52 wherein the surface is heated at about 90°C for about 1 to about 16 hours. 

54. The method of claim 50 wherein the coated surface is exposed to gas plasma generated from a gas selected from 
is the group consisting of argon, helium, nitrogen, hydrogen and mixtures thereof. 

55. The method of claim 54 wherein gas plasma is generated from argon gas. 

56. The method of claim 50 wherein the coated surface is exposed to gas plasma or the electron beam energy source 
20 for about 30 seconds to about 5 minutes. 

57. The method of claim 49 wherein the first layer composition and the outer layer composition are applied by spray 
coating. 

25 58. The method of claim 49 wherein the polymer of the first layer is an elastomeric material. 

59. The method of claim 58 wherein the polymer of the first layer is selected from the group consisting of silicones, 
polyurethanes, thermoplastic elastomers, ethylene vinyl acetate copolymers, polyolefin elastomers, and EPDM 
rubbers. 

30 

60. The method of claim 49 wherein the biologically active material is heparin. 

61 . The method of claim 49 wherein the ionic surfactant comprises a tridodecylammonium ion. 

35 
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(54) Drug-releasing coatings for medical devices 



(57) The invention is directed to medical devices 
having a drug-releasing coating and methods for making 
such coated devices. The coating permits timed or 
prolonged pharmacological activity on the surface of 
medical devices through a reservoir concept. 
Specifically, the coating comprises at least two layers: 
an outer layer containing at least one drug-ionic 
surfactant complex overlying a reservoir layer 
containing a polymer and the drug which is 
substantially free of an ionic surfactant. Upon 
exposure to body tissue of a medical device covered 
with such coating, the ionically bound drug in the 
outer layer is released into body fluid or tissue. 
Following release of such bound drug, the ionic 
surfactant binding sites in the outer layer are left 
vacant To maintain the pharmacological activity after 
delivery of the ionically bound drug, additional 
amounts of the drug are embedded or incorporated in the 
reservoir layer in a manner which allows the drug, 
which is substantially free of ionic surfactants, to 
complex with the vacant binding sites of the ionic 
surfactant of the outer layer. As a result, the surface 



of the medical device is enriched with the drug to 
provide sustained pharmacological activity to prevent 
the adverse reaction due to the presence of the medical 
device. The invention is further directed to medical 
devices with stabilized drug-releasing coatings. The 
coatings are stabilized by exposure to a low energy, 
relatively non-penetrating energy source, e.g., gas 
plasma or an electron beam energy source. 
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